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Nonmetallic inclusions in steel cause problems in steel products and steel production. 
In particular, an analysis of Al2O3 and MgO·Al2O3 spinel inclusions is important since they 
are one of the most harmful inclusions. A rapid and simple analysis of nonmetallic inclusions 
is required as the conventional analytical methods for nonmetallic inclusions are time-
consuming. In this study, we propose a simple method to identify Al2O3 and MgO·Al2O3 
spinel inclusions in steels. X-ray-excited optical luminescence (XEOL) analysis was selected 
as a promising method because it can rapidly identify sizes, shapes, and compositions of 
nonmetallic inclusions and can be performed in air. A model steel sample prepared by heating 
a mixture of Fe, Al, and MgO powders at 1550 °C in argon atmosphere was used. XEOL 
images of the model steel sample showed that Al2O3 inclusions emitted blue and red 
luminescences. Using a filter attached to the camera, blocking light in the wavelength region 
above 650 nm, only the blue luminescence of the Al2O3 inclusions was observed. This was 
implemented as the luminescences of the Al2O3 inclusions appeared in both blue and red 
regions at the same wavelengths (350, 485, 695, and 750 nm); consequently, the 
luminescences at 695 nm and 750 nm were blocked by the filter. In contrast, MgO·Al2O3 
spinel inclusions emitted green luminescence (peak at 520 nm), unaffected by the filter. This 
indicates that we can simply identify Al2O3 and MgO·Al2O3 spinel inclusions by an XEOL 
image in the wavelength range of 420–650 nm. 
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 The analysis of nonmetallic inclusions in steel is important for steel production since 
these inclusions may induce operational problems (e.g., nozzle clogging in continuous 
casting), processing problems (e.g., breakage of steel wires during drawing and crack 
formation), and quality degradations (e.g., surface flaw, hydrogen-induced cracking, fatigue 
failure, decrease in ductility, and low-temperature embrittlement).[1–4] Nonmetallic inclusions 
in steel are mainly oxides, sulphides, or nitrides in combination with metal elements (e.g., Fe, 
Mn, Si, Al, Si, Ca, Mg, and Ti),[5,6] and formed by the deoxidation process, slag entrapment, 
breakdown of refractory materials, reoxidation by air, and change in solubility in steel due to 
temperature reduction.[7] The detection of alumina (Al2O3) and MgO·Al2O3 spinel inclusions 
is of particular importance in the analysis of nonmetallic inclusions because they are one of 
the most harmful nonmetallic inclusions. Al2O3 inclusions are mostly formed during Al 
deoxidation, which is a process used to reduce the oxygen content in steel by adding 
aluminum metal into molten steel, and cause nozzle clogging in the continuous casting 
process and surface line defects in products.[2,8,9] MgO·Al2O3 spinel inclusions are mainly 
formed by the reaction of Al2O3 inclusions with MgO in slag or refractory materials during Al 
deoxidation of steels, particularly stainless steel.[10–12] MgO·Al2O3 spinel inclusions cause a 
reduction in the corrosion resistance, surface defects, and cracks during deep drawing or 
spinning manufacturing of the steel, and nozzle clogging in the continuous casting process.[10–
13] The analysis of nonmetallic inclusions is practically performed by a method combining 
optical microscopy and electron probe microanalysis (EPMA).[14] The amount, size 
distribution, shape, and composition of nonmetallic inclusions are measured in the analysis. 
This analytical process is a time-consuming step in steelmaking[2,15] since approximately one 
week is required to complete the analysis for a single sample. Therefore, a reduction in the 
inclusion analysis time has been recently demanded to improve the productivity of steel. 
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We have recently demonstrated that it is possible to identify Al2O3 and MgO·Al2O3 
spinel reagent particles using X-ray-excited optical luminescence (XEOL) analysis[16] that is 
used to obtain images and spectra based on the phenomenon of light emission from materials 
induced by X-ray irradiation. XEOL images can be utilized to simultaneously identify the 
sizes, shapes, and compositions of nonmetallic inclusions in steel. Additionally, the XEOL 
analysis can be performed in air. Therefore, the XEOL analysis is a promising approach for an 
on-line analysis of nonmetallic inclusions in steel. In our previous paper, Al2O3 reagent 
particles emitted blue luminescence.[16] In contrast, we have also reported that Al2O3 
inclusions in steels emit red or blue luminescence owing to the difference in the 
concentrations of impurities in the Al2O3 inclusions, observed by a cathodoluminescence (CL) 
analysis,[17] where the same phenomenon as that in the XEOL analysis is observed with an 
incident electron beam instead of an X-ray. Therefore, it is necessary to perform an XEOL 
analysis for samples prepared under conditions similar to those in the industrial steel 
production. In this study, the XEOL analysis was applied to a model steel sample prepared 
under similar conditions to those in the actual steel production. Al2O3 inclusions in the model 
steel sample emitted complex blue and red luminescences; therefore, a method to separate the 
color components should be developed to widely apply the XEOL analysis for nonmetallic 
inclusions in steel materials. For this purpose, we propose a simple modification of the 
camera, in which a filter removes the red component, so that Al2O3 and MgAl2O4 spinel 
inclusions can be more clearly identified.  
 
2. Experimental methods 
The aim of this study is to demonstrate a simple method to identify Al2O3 and 
MgO·Al2O3 spinel inclusions by acquiring an XEOL image of a model steel sample after Al 
deoxidation. The Al deoxidation process is an industrially applied method to reduce the 
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oxygen content in steels. During the Al deoxidation, slag and materials broken from the 
refractory are incorporated into the molten steel. The slag and refractory contain MgO, 
leading to the formation of MgO·Al2O3 spinel inclusions during the Al deoxidation. Therefore, 
the model steel sample after the Al deoxidation was prepared by placing 96 mass% of an 
electrolytic Fe powder (purity: 99.9%, Wako Pure Chemical Industries, Ltd., Osaka, Japan), 1 
mass% of an Al powder (purity: 99.9%, Nacalai Tesque, Inc., Kyoto, Japan), and 3 mass% of 
an MgO powder (purity: 98.0%, Nacalai Tesque, Inc., Kyoto, Japan) in an Al2O3 crucible. 
The mixture was heated at 1550 °C for 30 min and then cooled to room temperature in argon 
atmosphere with a flow rate of 200 ml·min−1. An XEOL image of the model steel sample was 
recorded using the setup shown in Fig. 1. An X-ray tube with a rhodium target (TUB00050-
RH2, Moxtek Inc., Orem, Utah, USA) was operated at 20 kV and 200 μA. A digital single-
lens reflex camera (7RII, Sony Corp., Tokyo, Japan) equipped with a zoom lens (LZM-
06075A, Seimitu Wave Inc., Kyoto, Japan) was used for acquisition of XEOL images. The 
camera had a sensitivity range of 420 nm to 680 nm. An elemental analysis of the model steel 
sample was performed using a scanning electron microscope (SEM) (TM3030 Plus, Hitachi 
High-Technologies Co., Tokyo, Japan) equipped with a silicon drift energy-dispersive X-ray 
(EDX) detector (Quantax70, Bruker Corp., Massachusetts, USA). We also acquired CL 
spectra of inclusions in the model steel sample using a custom SEM–CL system. Details of 
the SEM-CL system are reported in our previous papers.[17–20] The measurement duration for 
the CL spectra was 100 s. 
 
3. Results and discussion 
An XEOL image of the model steel sample is shown in Fig. 2. Inclusions emitting 
blue, red, and green luminescences were detected in the XEOL image. We then acquired CL 
spectra of the inclusions emitting blue (Area 1 in Fig. 2), red (Area 2 in Fig. 2), and green 
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(Area 3 in Fig. 2) luminescences to identify these inclusions; these CL spectra are shown in 
Fig. 3. Both CL spectra of the areas emitting blue and red luminescences had peaks at the 
same wavelengths and were in good agreement with previously reported CL spectra of 
Al2O3.
[17,21,22] CL spectra of other areas emitting blue and red luminescences were similar to 
those of Figs. 3(a) and 3(b), respectively. Therefore, the areas emitting blue and red 
luminescences in the XEOL image indicate the existence of Al2O3 inclusions. Both peaks at 
350 nm and 485 nm are related to oxygen vacancies,[21–24] while the sharp peak at 695 nm and 
broad peak around 750 nm were attributed to chromium (III) ions (Cr3+) and titanium (III) 
ions (Ti3+) substituting aluminum (III) ions (Al3+), respectively.[21–23,25] Cr and Ti in the Al2O3 
inclusions originated from the Fe powder and/or the Al2O3 crucible; we confirmed that they 
contained Cr and Ti as impurities by an elemental analysis.[17] Figures 3(a) and 3(b) indicate 
that the luminescence colors of Al2O3 inclusions depend on the amount of impurities of Cr or 
Ti in the Al2O3 inclusions. Al2O3 inclusions with low contents of Cr and Ti emit blue 
luminescence, whereas those with a high content of Cr or Ti emit red luminescence. However, 
it should be noted that the concentration of Cr and Ti would not be significantly different 
between Al2O3 inclusions emitting blue and red luminescences, because Al2O3 including only 
parts-per-million (ppm) levels of Cr emit an intense red luminescence.[26] The CL spectrum of 
the area emitting green luminescence was similar to the CL spectrum of the MgO·Al2O3 
spinel reagent, as shown in Fig. 3(c). CL spectra of other areas emitting green luminescence 
were consistent with those of Fig. 3(c), indicating that the areas emitting green luminescence 
in the XEOL image comprise MgO·Al2O3 spinel inclusions. The sharp peak at 520 nm 
originated from manganese (II) ions (Mn2+) substituting magnesium (II) ions (Mg2+),[23,25,27,28] 
while the peaks at 690 nm and 710 nm were attributed to Cr3+ substituting Al3+.[23,28,29] Mn in 
the MgO·Al2O3 spinel inclusions originated from the Fe powder, which was confirmed to 
contain Mn as an impurity by an elemental analysis.[17]  
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We also performed an elemental analysis of the inclusions by SEM–EDX. The 
compositions determined by the EDX analysis almost corresponded to the compounds 
identified by the CL analysis. Only Al was detected in the area emitting blue and red 
luminescences, whereas Al and Mg were detected in the area emitting green luminescence. 
However, the compositions determined by the EDX analysis were not explained by the 
compounds identified by the CL analysis in several sampling areas. For example, the XEOL 
image indicated that Al2O3 inclusions exist in the area 4 of Fig. 2, since this area emitted red 
luminescence; Mg was detected in the area 4 in addition to Al by the EDX analysis, as shown 
in Fig. 4. This suggests that the area 4 consists of Al2O3 and MgO (not MgO·Al2O3 spinel), 
since green luminescence was not detected in the XEOL image. However, no luminescence 
attributed to MgO was detected from the XEOL image and CL spectrum. This is because the 
luminescence intensity of Al2O3 is approximately three times higher than that of MgO, which 
was confirmed by CL spectra of Al2O3 and MgO reagents. Therefore, the detection of MgO 
inclusions from XEOL images is challenging when MgO coexists with Al2O3 and MgO·Al2O3 
spinel inclusions in steels. Nevertheless, when Al2O3, MgO·Al2O3 spinel, and MgO inclusions 
are contained in steels, the Al2O3 and MgO·Al2O3 spinel inclusions can be easily identified in 
an XEOL image, which is difficult in an SEM–EDX analysis. This is because SEM–EDX 
analysis cannot distinguish between MgO·Al2O3 spinel inclusions and mixture of Al2O3 and 
MgO inclusions. 
Figure 3 shows that both Al2O3 and MgO·Al2O3 spinel inclusions exhibit relatively 
high luminescence intensities at wavelengths in the red and infrared regions (above 620 nm). 
Additionally, a characteristic peak appeared for each of the Al2O3 and MgO·Al2O3 spinel 
inclusions in the wavelength range of 400 nm to 620 nm, corresponding to the visible-light 
region except for the red region: 485 nm (blue) for the Al2O3 inclusions and 520 nm (green) 
for the MgO·Al2O3 spinel inclusions. This indicates that we can more easily distinguish Al2O3 
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and MgO·Al2O3 spinel inclusions from an XEOL image by blocking entrance of red and 
infrared lights into the camera. We acquired an XEOL image of the area in Fig. 2 by attaching 
an optical filter to the camera, which removed light above 650 nm (DR655, Kenko Tokina 
Co., Ltd., Tokyo, Japan). The resulting XEOL image is shown in Fig. 5. As expected, all of 
the Al2O3 inclusions exhibited blue luminescence, while MgO·Al2O3 spinel inclusions 
exhibited green luminescence. Therefore, our results reveal a novel method to simply 
distinguish Al2O3 and MgO·Al2O3 spinel inclusions by acquiring an XEOL image, which 
could enable an on-line and on-site analysis of nonmetallic inclusions in steels. 
 
4. Conclusions 
 This study focused on establishing a simple identification method of Al2O3 and 
MgO·Al2O3 spinel inclusions, which could cause serious problems to steel products and steel 
production process, by acquiring an XEOL image with a camera with a sensitivity range of 
420 nm to 680 nm. We acquired XEOL images and CL spectra of the model steel sample, 
prepared by heating a mixture of Fe, Al, and MgO powders at 1550 °C for 30 min in argon 
atmosphere. The XEOL image of the model steel sample showed that Al2O3 inclusions 
emitted blue or red luminescence, while MgO·Al2O3 spinel inclusions emitted green 
luminescence. The luminescence peaks were detected at 350, 485, 695, and 750 nm in the CL 
spectra of Al2O3 inclusions emitting blue and red luminescences, attributed to oxygen 
vacancies (350 nm and 485 nm) and impurities of Cr3+ (695 nm) and Ti3+ (750 nm). Intense 
peaks of Al2O3 inclusions emitting blue and red luminescences were observed at 485 nm (blue 
region) and 695 nm (red-to-infrared region), respectively. The CL spectra of MgO·Al2O3 
spinel inclusions had peaks at 520, 690, and 710 nm, originated from impurities of Mn2+ (520 
nm) and Cr3+ (690 nm and 710 nm). The green luminescence of MgO·Al2O3 spinel inclusions 
was attributed to the peak at 520 nm. All of the Al2O3 inclusions exhibited blue luminescence 
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in the XEOL image of the model steel sample when the camera was equipped with an optical 
filter blocking light in the wavelength range above 650 nm; the MgO·Al2O3 spinel inclusions 
exhibited green luminescence. Therefore, acquisition of XEOL images in the wavelength 
range of 400 nm to 650 nm provides analytical information, valuable to significantly more 
easily identify Al2O3 and MgO·Al2O3 spinel inclusions in steel. XEOL analysis is 
advantageous over conventional analysis of nonmetallic inclusions, EPMA, because XEOL 
analysis can be performed in air, whereas EPMA requires the vacuum condition. Thus, XEOL 
analysis could be used in on-line analysis of nonmetallic inclusions in steels such as slab, 
billet, and bloom, which are the steels produced after the continuous casting, and steels 
produced after the rolling process. 
 
Acknowledgements 
This study was supported by JSPS KAKENHI [Grant Number 17H03435]. 
 10 
References 
[1] H. Suito, R. Inoue, ISIJ Int. 1996; 36, 528. 
[2] L. Zhang, B. G. Thomas, ISIJ Int. 2003; 43, 271. 
[3] L. Zhang, B. G. Thomas, Metall. Trans. B 2006; 37B, 733. 
[4] L. Zhang, Metall. J. Iron Steel Res. Int. 2006; 13, 1. 
[5] C. Dubuisson, A. G. Cox, W. Mcleod, I. Whiteside, R. Jowitt, H. Falk, ISIJ Int. 2004; 44, 
1859. 
[6] Y. Payandeh, M. Soltanieh, J. Iron Steel Res. Int. 2007; 14, 39. 
[7] I-H. Jung, S. A. Decterov, A. D. Pelton, ISIJ Int. 2004; 44, 527. 
[8] L. D. Way, Mater. Sci. Technol. 2001; 17, 1175. 
[9] W. Ma, Y. Bao, M. Wang, L. Zhao, ISIJ Int. 2014; 54, 536. 
[10] J. H. Park, H. Todoroki, ISIJ Int. 2010; 50, 1333. 
[11] S. Yang, Q. Wang, L. Zhang, J. Li, K. Peaslee, Metall. Trans. B 2012; 43B, 731. 
[12] J. H. Park, Y. Kang, Steel Res. Int. 2017; 88, 1700130. 
[13] M. Jiang, X. Wang, B. Chen, W. Wang, ISIJ Int. 2008; 48, 885. 
[14] M. Fernandes, J. C. Pires, N. Cheung, A. Garcia, Mater. Charact. 2003; 51, 301. 
[15] H. V. Atkinson, G. Shi, Prog. Mater. Sci. 2003; 48, 457. 
[16] S. Imashuku, K. Ono, K. Wagatsuma, Microsc. Microanal. 2017; 23, 1143. 
[17] S. Imashuku, K. Ono, R. Shishido, S. Suzuki, K. Wagatsuma, Mater. Charact. 2017; 131, 
210. 
[18] S. Imashuku, K. Ono, K. Wagatsuma, X-ray Spectrom. 2017; 46, 131. 
[19] S. Imashuku, K. Wagatsuma, Sur. Interface Anal. 2018; in press. 
[20] S. Imashuku, K. Wagatsuma, Metall. Trans. B 2018; in press. 
[21] P. D. Townsend, A. P. Rowlands, in Cathodoluminescence in Geosciences, (Eds: M. 
Pagel, V. Barbin, P. Blanc, D. Ohnenstetter), Springer, Berlin, 2000, pp. 51. 
[22] M. Ghamnia, C. Jardin, M. Bouslama, J. Electron Spectrosc. Relat. Phenom. 2003; 133, 
55. 
[23] C. M. MacRae, N. C. Wilson, Microsc. Microanal. 2008; 14, 184. 
[24] C. Bonnelle, P. Jonnard, Phys. Rev. B 2010; 82, 075132. 
[25] M. Gaft, R. Reisfeld, G. Panczer, Luminescence Spectroscopy of Minerals and Materials, 
Springer, Berlin, 2005. 
[26] J. Ponahlo, in Cathodoluminescence in Geosciences, (Eds: M. Pagel, V. Barbin, P. Blanc, 
D. Ohnenstetter), Springer, Berlin, 2000, pp. 485–486. 
[27] R. Mlcak, A. H. Kitai, J. Lumines. 1990; 46, 391. 
 11 
[28] M. Karakus, M. D. Crites, M. E. Schlesinger, J. Microsc. 2000; 200, 50. 





Figure 1. Schematic illustration of the setup for acquisition of XEOL images. 
 
Figure 2. XEOL image of the model steel sample. The exposure time was 30 s. 
 
Figure 3. CL spectra of (a) Area 1, (b) Area 2, and (c) Area 3 in Fig. 2(a). The CL spectrum 
of the MgO·Al2O3 spinel reagent (purity: 99%, Alfa Aesar, Massachusetts, USA) is also 
shown in Fig. 3(c). 
 
Figure 4. EDX spectrum of Area 4 in Fig. 2. 
 
Figure 5. XEOL image of the model steel sample acquired by attaching the filter to the 
camera, which removed light with wavelengths longer than 650 nm. The same area as that in 
Fig. 2(a) was used to acquire the image, with an exposure time of 200 s. 
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